PR, White TW. The human Cx26-D50A and Cx26-A88V mutations causing keratitis-ichthyosis-deafness syndrome display increased hemichannel activity.
GAP JUNCTIONS CONTAIN CLUSTERS of intercellular channels that allow the exchange of ions, second messengers, and small metabolites between adjacent cells (3) . Gap junction channels are formed by oligomers of connexin proteins, which also have the ability to form functioning "hemichannels" in nonjunctional plasma membranes (4, 19) . Mutations in connexin genes have been linked to several human diseases (33, 47) . For example, mutations in connexin 26 (Cx26 or GJB2) are a major cause of nonsyndromic deafness and can also result in syndromic deafness associated with skin disorders like palmoplantar keratoderma, keratitis-ichthyosis-deafness (KID) syndrome, or Vohwinkel syndrome (34, 39) . There is abundant experimental evidence to suggest that either total, or partial, loss of function mutations in Cx26 is responsible for nonsyndromic deafness (22, 45, 50) . Since nonsyndromic deafness linked to Cx26 is predominantly a loss of function disorder, it has been proposed that syndromic Cx26 mutations must show an alteration, or gain, of function to cause skin disease in addition to hearing loss (23, 28, 45) .
Many connexins can form functional hemichannels in addition to gap junction channels (8, 11, 24) , suggesting that some disease-linked connexin mutations may result in abnormal hemichannel activity that could contribute to the observed pathology. This idea has been supported by studies of connexin mutations linked to skin disorders such as KID syndrome. The first characterized KID mutation was Cx26-A40V, which caused a severe form of the disease including the follicular occlusion triad (31) . Injection of Cx26-A40V cRNA into Xenopus oocytes resulted in the induction of large membrane currents followed by cell death, suggesting that the mutation increased hemichannel activity (31) . Subsequent evaluation of additional KID syndrome mutations has indicated that altered hemichannel activity may be a general pathological mechanism for this syndromic Cx26 disorder (9, 13, 21, 37, 41) .
Here we report the functional characteristics of two additional Cx26 mutations linked to KID syndrome, Cx26-D50A and Cx26-A88V.
1 Cx26-D50A was identified in one child with profound deafness, corneal abnormalities, hyperkeratosis, and Dandy-Walker malformation (6) . Cx26-A88V has been described in two pediatric patients with the lethal form of KID syndrome. These children had congenital deafness, alopecia, severe hyperkeratosis, and recurrent skin infections that eventually lead to septicemia and death in early childhood (15, 20) . Using two different electrophysiological assays, we show that both Cx26-D50A and Cx26-A88V form active hemichannels that significantly increase membrane current flow compared with wild-type Cx26. Expression of either mutant accelerates cell death in low extracellular calcium solutions, and the elevated hemichannel currents can be attenuated by increased extracellular calcium concentration. These results suggest that these two mutations exhibit a shared gain of functional activity and further support the observation that increased hemichannel activity is a common feature of human Cx26 mutations responsible for KID syndrome.
MATERIALS AND METHODS

Molecular cloning.
Human wild-type Cx26 was cloned into the pCS2ϩ vector (43) for functional studies in Xenopus laevis oocytes as previously described (27) . Mutant Cx26-D50A and Cx26-A88V were prepared by site-directed mutagenesis using the gene splicing by overlap extension method (16) using wild-type human Cx26 as a template. Following amplification, Cx26-D50A and Cx26-A88V were first cloned into pBlueScript II (Agilent Technologies, Santa Clara, CA) and sequenced on both strands before subcloning into the pCS2ϩ vector for Xenopus expression or the pIRES2-EGFP2 vector (Clontech Laboratories, Mountain View, CA) for mammalian cell transfection.
In vitro transcription and oocyte microinjection. Human Cx26, Cx26-D50A, and Cx26-A88V plasmid DNAs were linearized using NotI and transcribed using the SP6 mMessage mMachine RNA protocol (Ambion, Austin, TX). Adult Xenopus females were anesthetized with ethyl 3-aminobenzoate methanesulfonate, and ovarian lobes were surgically removed and digested for 15 min at 37°C with constant shaking in a solution containing 7.5 mg/ml collagenase B and 5 mg/ml hyaluronidase in modified Barth's medium (MB) without Ca 2ϩ . Stage V-VI oocytes were collected, washed with MB, and injected with 10 ng of antisense Xenopus Cx38 oligonucleotide to eliminate this endogenous connexin (1, 2) . Antisense-treated oocytes were then injected with wild-type Cx26, Cx26-D50A, or Cx26-A88V cRNA transcripts or H 2O as a negative control. Oocytes were cultured in MB without calcium or MB with elevated Ca 2ϩ (4 mM CaCl2) before electrophysiological recording or microscopic imaging on an SZX16 dissecting microscope (Olympus America, Center Valley, PA). Our Xenopus surgery protocol was approved by the Stony Brook University Institutional Animal Care and Use Committee.
Human cell transfection. Communication deficient HeLa cells were plated on 22-mm 2 coverslips, grown to 50% confluence, and transiently transfected with wild-type Cx26, Cx26-D50A, or Cx26-A88V in pIRES2-EGFP2 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as previously described (29, 30) with the exception that calcium concentrations in the tissue culture media were elevated to a final concentration of 4 mM with supplemental CaCl 2. Primary human keratinocytes were obtained from the Living Skin Bank (Stony Brook University, Stony Brook, NY) and cultured in KGM-Gold keratinocyte growth medium (Lonza, Walkersville, MD). Keratinocytes were plated on glass coverslips and transiently transfected with Cx26-D50A, or Cx26-A88V in pIRES2-EGFP2 using Lipofectamine 2000 as described for HeLa cells.
Electrophysiological recording of hemichannel currents. Macroscopic recordings of hemichannel currents were obtained from single Xenopus oocytes 24 h after cRNA injection using a GeneClamp 500 amplifier controlled by a PC-compatible computer through a Digidata 1320 interface (Axon Instruments, Foster City, CA). pClamp 8.0 software (Axon Instruments) was used to program stimulus and data collection paradigms. To obtain hemichannel current-voltage (I-V) curves, cells were initially clamped at Ϫ40 mV and subjected to 5-s depolarizing voltage steps ranging from Ϫ30 to ϩ60 mV in 10-mV increments (21) . Electrophysiological measurements in transfected HeLa cells or primary human keratinocytes were carried out using whole cell patch clamp at room temperature as previously described (29, 30) . At the beginning of each experiment, cells were clamped at 0 mV and then stepped for 2-s intervals to different voltages (Ϫ110 to ϩ110 mV in 20-mV increments). To test the effect of added calcium on hemichannel currents, dishes were perfused with media supplemented with 2 mM CaCl2 after the first series of current recordings. Hemichannel currents were then recorded again within 2-4 min of the media exchange.
Preparation of oocyte samples for Western blot analysis. Oocytes were collected in 1 ml of buffer containing 5 mM Tris pH 8.0, 5 mM EDTA, and protease inhibitors and were lysed by mechanical passage through a series of needles of diminishing size (46) . Extracts were centrifuged at 1,000 g at 4°C for 5 min to remove yolk granules. The supernatant was then centrifuged at 100,000 g at 4°C for 30 min. Membrane pellets were resuspended in SDS sample buffer (2 ul per oocyte), separated on 15% SDS gels, and transferred to nitrocellulose membranes. Blots were blocked with 5% BSA in 1ϫ PBS for 1 h and probed with a polyclonal Cx26 antibody at a 1:1,000 dilution (Invitrogen) followed by incubation with a horseradish peroxidase-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA). As a loading control, blots were stripped and reprobed with a monoclonal ␤-actin antibody (Abcam, Cambridge, MA) followed by incubation with horseradish peroxidase-conjugated anti-mouse secondary antibody (GE Healthcare Biosciences, Pittsburgh, PA).
Immunofluorescent staining of transfected cells. Transiently transfected HeLa cells or human keratinocytes were fixed with 1% paraformaldehyde in PBS and blocked with 5% BSA in PBS with 0.1% Tx-100 and 0.02% NaN3. Cells were stained with a polyclonal Cx26 antibody followed by incubation with a Cy3 conjugated goat antirabbit secondary antibody (Jackson ImmunoResearch). Keratinocytes were also stained with rhodamine-conjugated wheat germ agglutinin (Vector Laboratories, Burlingame, CA). Cells were viewed and photographed on a BX51 microscope using a DP72 digital camera (Olympus America).
RESULTS
Cx26-D50A and Cx26-A88V show increased hemichannel currents in single Xenopus oocytes. The KID mutations Cx26-D50A and Cx26-A88V are single amino acid substitutions in the first extracellular loop and second transmembrane domains of Cx26, respectively. To assess the functional consequences of these mutations, wild-type Cx26, Cx26-D50A, and Cx26-A88V were all expressed in Xenopus oocytes. Single cells were subjected to depolarizing voltage pulses, and the resulting membrane currents were recorded. Control oocytes injected with H 2 O showed negligible current flow for voltage steps between Ϫ30 and ϩ60 mV (Fig. 1A) . The low intrinsic hemichannel activity of wild-type human Cx26-injected cells has been previously reported (13, 14, 21, 36, 37) and was characterized by outward currents that increased with greater depolarization (Fig. 1B) . Both of the KID mutants showed a large increase in the magnitude of these outward currents ( Mean steady-state currents were plotted as a function of the membrane potential to quantify differences in the recorded hemichannel activity (Fig. 1E ). Control cells injected with H 2 O showed negligible currents at all tested voltages. In comparison, wild-type Cx26-injected cells displayed larger outward currents that increased at greater depolarizing voltages. At all voltages tested wild-type cells showed a maximum current 2.0 -2.5 times greater than control cells (P Ͻ 0.05, one-way ANOVA). The Cx26-D50A-expressing cells produced significantly larger outward currents than wild-type Cx26-injected cells at membrane potentials greater than or equal to ϩ20 mV. At ϩ60 mV, Cx26-D50A produced currents that were 4 times larger than wild-type and 10 times larger than control cells, differences that were statistically significant (P Ͻ 0.05). In contrast, Cx26-A88V-expressing oocytes displayed currents that were 10 times larger than wild-type Cx26 at all tested potentials (P Ͻ 0.05). This significantly increased membrane current suggested the presence of increased hemichannel activity.
These two KID-associated mutations may contribute to epidermal pathology through an increase in hemichannel activity. However, wild-type Cx26 also induced low levels of hemichannel currents, and differences in current magnitude could have resulted from different levels of protein expression. The levels of Cx26 protein expressed in oocytes following injection of wild-type or mutant cRNA were examined by Western blot analysis (Fig. 2) . Antibodies for Cx26 failed to detect specific protein expression in H 2 O-injected cells but readily detected expression of wild-type Cx26, Cx26-A88V, and Cx26 D50A at qualitatively similar levels ( Fig. 2A, arrowhead) . To control for equal sample loading, Western blots were stripped and reprobed with an antibody to ␤-actin, which was present in all four samples at similar levels (Fig. 2B) . These data suggest that the significant increase in hemichannel current magnitude in Cx26-D50A-and Cx26-A88V-injected cells was not simply due to an increased expression of mutant protein.
Oocytes expressing KID mutations display extracellular Ca 2ϩ dependent cell death. It has been previously demonstrated that other dominant Cx26 mutations associated with KID syndrome produced abnormal hemichannel currents in cells, leading to accelerated death (13, 21, 31, 41, 42) . Previous studies have also shown that increased extracellular calcium reduced hemichannel activity and delayed cell death (11, 13, 21, 32, 37, 41) . To test if expression of Cx26-D50A and Cx26-A88V affected cell viability in a calcium-dependent manner, oocytes were cultured in MB medium in the presence or absence of 4 mM Ca 2ϩ (Fig. 3) . H 2 O and wild-type Cx26-injected cells remained healthy when incubated in MB medium without calcium (Fig. 3, A and B) for 72 h. In contrast, cells expressing Cx26-A88V displayed gross pigment disorganization and leakage of the ooplasm into the culture medium within 72 h of injection (Fig. 3C) . Cx26-D50A-expressing oocytes displayed a phenotype in calcium free medium similar to Cx26-A88V, although the extent of cell death was reduced (Fig. 3D ). H 2 O and wild-type Cx26-injected cells incubated in MB media containing 4 mM Ca 2ϩ were indistinguishable from those cultured in the absence of calcium (Fig. 3, E and F) . In contrast, the appearances of Cx26-A88V-and Cx26-D50A-injected oocytes were dramatically improved by an increase in the extracellular calcium concentration (Fig. 3, G and H) , although the Cx26-A88V-injected cells began to show initial signs of ooplasm leakage by 72 h. The extent of oocyte death in MB without added Ca 2ϩ was quantified and compared using data from four independent experiments (Fig. 3I) . For H 2 O and wild-type Cx26-injected cells, Ͻ5% died within 72 h. In contrast, 85% of Cx26-A88V-and 27% of Cx26-D50A-expressing oocytes died, differences that were statistically significant (P Ͻ 0.05) compared with H 2 O and wild-type Cx26-injected cells. These data suggested that elevation of the extracellular calcium concentration suppressed activity of the mutant hemichannels and prolonged cell viability.
Cx26-D50A and Cx26-A88V show increased hemichannel currents in transfected HeLa cells. The majority of Cx26 KID mutations tested have been shown to form active hemichannels in the Xenopus oocyte expression system (23); however, only Cx26-G45E and Cx26-A40V have been documented by electrophysiological methods to also form active hemichannels in mammalian cells (23, 29) . To test if the expression of Cx26-A88V and Cx26-D50A significantly altered whole cell membrane currents in mammalian cells, we transfected HeLa cells with wild-type Cx26, Cx26-A88V, or Cx26-D50A DNAs in the pIRES2-EGFP2 vector. To confirm wild-type and mutant Fig. 2 . Wild-type and mutant connexins are equivalently expressed in Xenopus oocytes. A: equal amounts of membrane extracts were first probed with an antibody that recognized Cx26. H2O-injected controls did not express Cx26 as expected. Wild-type Cx26, Cx26-D50A, and Cx26-A88V were readily detected in lanes corresponding to each injection condition with similar band intensities. B: to confirm equal sample loading, blots were stripped and reprobed with an antibody against ␤-actin, which was present at comparable levels in all lanes. protein expression, transfected cells were fixed and stained with an antibody against Cx26 (Fig. 4) . Wild-type-transfected cells displayed a strong Cx26 labeling that concentrated at cell-to-cell appositions and correlated with the expression of GFP (Fig. 4A) , whereas untransfected control HeLa cells showed no signal for Cx26, or GFP (Fig. 4B) . Both Cx26-A88V and Cx26-D50A also displayed a clear Cx26 labeling that correlated with GFP expression, although the Cx26 signal was not predominantly found at cellular interfaces (Fig. 4, C  and D) .
To measure hemichannel activity, membrane currents were recorded using whole cell patch-clamp electrophysiology (Fig. 5) . Wild-type Cx26-transfected cells displayed modest membrane currents when stepped to membrane potentials between Ϫ110 and ϩ110 mV (Fig. 5A) . In contrast, HeLa cells expressing either Cx26-D50A or Cx26-A88V exhibited much larger whole cell membrane currents at both hyperpolarizing and depolarizing potentials (Fig. 5, B and C) . Plotting the whole cell current as a function of membrane potential (Fig. 5D) showed that at all membrane voltages greater than Ϯ10 mV, membrane currents mediated by both Cx26-D50A and Cx26-A88V were significantly larger (P Ͻ 0.05, one-way ANOVA) than those recorded in wild-type Cx26-transfected cells. However, there was a pronounced difference in the gating polarity between the two KID mutations. Cx26-A88V hemichannels were equally active at both positive and negative membrane potentials and were increased ϳ20 times compared with wildtype Cx26 at either polarity. In contrast, Cx26-D50A hemichannel activity was 17 times greater than wild-type Cx26 at positive voltages but only 4 times greater than wild-type at negative membrane potentials. Thus expression of Cx26-D50A and Cx26-A88V resulted in significantly increased membrane currents in transfected HeLa cells consistent with the elevated hemichannel activity observed in Xenopus oocytes (Fig. 1) .
Cx26-D50A and Cx26-A88V hemichannel activity can be suppressed by extracellular Ca 2ϩ . Oocytes expressing the Cx26-D50A and Cx26-A88V mutations that showed increased hemichannel activity also experienced accelerated cell death in the absence of elevated extracellular Ca 2ϩ , suggesting that the addition of extracellular Ca 2ϩ blocked the hemichannel activity and delayed death, as had been previously documented for other KID mutations (13, 21) . To assess this possibility, hemichannel currents were first recorded in medium without added calcium, and then medium containing 2 mM Ca 2ϩ was introduced by perfusion and the membrane currents were recorded a second time. Steady-state current values in the presence and absence of calcium were then plotted as a function of voltage for a series of cells expressing each mutation (Fig. 6 ). Cx26-D50A-transfected HeLa cells showed a complete inhibition of hemichannel activity following the addition of 2 mM Ca 2ϩ at negative membrane potentials, where whole cell currents became indistinguishable from those recorded in untransfected control cells. At positive voltages, inhibition was less complete and varied from 54% at ϩ30 mV to 45% at ϩ110 mV (Fig.  6A ). Cx26-A88V hemichannels were also fully inhibited at negative voltages and showed a more robust inhibition at positive membrane potentials compared with Cx26-D50A (Fig.  6B) . At ϩ110 mV, 2 mM Ca 2ϩ was able to inhibit 70% of the hemichannel current recorded in the absence of calcium. The addition of 2 mM Ca 2ϩ produced a significant decrease in current flow at all tested voltages for both KID mutations and shifted the threshold of voltage activation to more positive potentials.
Cx26-D50A and Cx26-A88V increase hemichannel activity in primary human keratinocytes. KID syndrome is a dominant disorder, requiring only one of the two GJB2 alleles to acquire an activating mutation to produce skin disease (35) . If elevated hemichannel activity contributes to KID pathology, then it should still be detectable in cells that coexpress mutant and wild-type forms of Cx26. To test if the expression of Cx26-D50A and Cx26-A88V significantly altered whole cell membrane currents in human keratinocytes endogenously expressing wild-type Cx26, we transfected primary cultures of keratinocytes with Cx26-D50A or Cx26-A88V DNAs in the pIRES2-EGFP2 vector. To confirm wild-type and mutant protein expression, keratinocytes were fixed and stained with an antibody against Cx26 (Fig. 7) . Untransfected human keratinocytes displayed a strong Cx26 labeling that concentrated at cell-to-cell appositions (Fig. 7A) . Cells transfected with Cx26-D50A or Cx26-A88V showed an increased Cx26 labeling that correlated with GFP expression, although the Cx26 signal was no longer predominantly found at cellular interfaces (Fig. 7, B  and C) . To test for changes in cell morphology or the extent of cell to cell contact in mutant-transfected cells, keratinocytes were also stained with rhodamine-conjugated wheat germ agglutinin to highlight cell borders. Untransfected primary human cells grown in small three-dimensional clusters showed numerous intimate cell contacts (Fig. 7D) . Transfection of these clustered cells with Cx26-D50A (Fig. 7E) or Cx26-A88V (Fig. 7F) did not noticeable alter either keratinocyte morphology or the extent of cell contact with neighboring cells.
To measure hemichannel activity in keratinocytes coexpressing wild-type and mutant Cx26, membrane currents were recorded Fig. 6 . Increased extracellular Ca 2ϩ inhibits Cx26-D50A and Cx26-A88V hemichannel currents. A: mean steady-state currents observed in Cx26-D50A-transfected HeLa cells in the absence of Ca 2ϩ (OE) were significantly reduced (o, P Ͻ 0.05) after perfusion of media supplemented with 2 mM Ca 2ϩ . At negative membrane voltages, the inhibition was complete and current levels matched those of untransfected control HeLa cells (OE). B: Cx26-A88V hemichannels also displayed large membrane currents that were suppressed by perfusion with 2 mM Ca 2ϩ . Data are the means Ϯ SE. using whole cell patch-clamp electrophysiology (Fig. 8) . Primary human keratinocytes displayed modest membrane currents when stepped to membrane potentials between Ϫ110 and ϩ110 mV (Fig. 8A) . In contrast, keratinocytes transfected with either Cx26-D50A or Cx26-A88V exhibited much larger whole cell membrane currents at both hyperpolarizing and depolarizing potentials (Fig. 8, B and C) . Plotting the whole cell current as a function of membrane potential (Fig. 8D) showed that at all membrane voltages greater than Ϯ10 mV membrane currents mediated by both Cx26-D50A and Cx26-A88V were larger than those recorded in untransfected keratinocytes expressing endogenous wild-type Cx26. Thus expression of Cx26-D50A and Cx26-A88V in primary human keratinocytes resulted in significantly increased membrane currents consistent with the elevated hemichannel activity observed in both Xenopus oocytes and HeLa cells.
DISCUSSION
Mutations in Cx26 are the most common cause of nonsyndromic genetic hearing loss, with ϳ200 distinct sequence changes identified to date (7, 10) . Cx26 mutations have also been linked to syndromic deafness associated with skin disease, although the incidence of these disorders and the number of identified mutations are much lower (22, 34, 39) . The fact that distinct pathologies can arise from different mutations within the same gene has suggested that unique channel activities contribute to deafness and skin disease (17, 28, 45, 49) . It has been previously shown by several laboratories that functional expression of the KID mutations Cx26-G12R, Cx26-N14K, Cx26-A40V, Cx26-G45E, and Cx26-D50N all resulted in enhanced hemichannel activity (9, 13, 21, 23, 31, 37, 41) . Here we show that two additional KID-causing mutations, Cx26-D50A and Cx26-A88V, also produced greatly increased hemichannel activity in both cRNA-injected Xenopus oocytes and transiently transfected mammalian cells. This hemichannel activity was correlated with an increase in cell death and could be attenuated by elevated extracellular calcium. These findings are consistent with the hypothesis that aberrant hemichannel activity is a common feature of KID syndrome mutations and may contribute to the observed epidermal pathology in these patients.
KID syndrome is a rare disorder characterized by vascularizing keratitis, deafness, hair follicle defects, and erythrokeratoderma (35, 40, 44) . KID patients have recurrent cutaneous infections that lead to lethal septicemia in severe cases where individuals carry the Cx26-G45E or Cx26-A88V mutations (15, 18, 20, 38) . Some cases of KID syndrome also show additional features comprising the follicular occlusion triad (dissecting folliculitis, hidradenitis suppurativa, and cystic acne) or display an increased incidence of squamous cell carcinoma (26, 31, 44) . In all of our in vitro assays, the magnitude of hemichannel current produced by Cx26-D50A was less than that of Cx26-A88V, particularly at negative membrane potentials. The disease progression in the Cx26-D50A patient was also less severe (6) , particularly compared with the lethal outcome in the two reported cases of children with the Cx26-A88V mutation (15, 20) , suggesting that severity of KID syndrome may correlate with the relative increase in hemichannel activity caused by the respective mutation.
Differences in the amplitude of hemichannel currents induced by Cx26-D50A and Cx26-A88V mutations are likely due to divergent ways that these two amino acid substitutions have altered the voltage gating and/or open probability of wild-type Cx26 hemichannels. Cx26-A88V hemichannels showed high activity over the entire range of tested voltages (Ϯ110 mV), whereas Cx26-D50A channels were most active at membrane potentials greater than or equal to ϩ20 mV. Human keratinocytes typically have a resting membrane potential between Ϫ20 and Ϫ30 mV (25, 48) . In this voltage range, the hemichannel activity of Cx26-A88V would be expected to be much greater than that of Cx26-D50A and thus could lead to a more severe (lethal) disease phenotype. This idea is supported by biophysical analysis of the other lethal KID mutation, Cx26-G45E, which also showed high levels of Fig. 7 . Expression of Cx26-D50A and Cx26-A88V in transfected human keratinocytes. Untransfected primary human keratinocytes (A, blue DAPI stain) displayed a strong endogenous wild-type Cx26 (red) labeling that concentrated at cell-to-cell interfaces, which was most clearly seen in isolated pairs of cells (arrowhead in inset). Keratinocytes transfected with either Cx26-D50A (B) or Cx26-A88V (C) displayed an increased Cx26 labeling that correlated with GFP expression (green), although the Cx26 signal was no longer focused at cellular appositions. Staining of cell borders with rhodamine-conjugated wheat germ agglutinin (D-F), revealed that the expression of Cx26-D50A (E) or Cx26-A88V (F) did not markedly alter cell morphology.
hemichannel activity across a broad range of positive and negative membrane potentials (13, 29, 37) . Robust Cx26-G45E hemichannel activity has also been documented in primary keratinocytes derived from transgenic mice expressing this mutation, and these animals also developed a severe lethal form of epidermal pathology (29) . The definitive determination of whether disease severity correlates with differences in the biophysical properties of the mutant proteins is currently limited by the small number of human cases linked to each of the mutations.
Mutations in other connexin genes have also been associated with hereditary skin disease, and analysis of mutant proteins from these disorders has also implicated a putative role for increased hemichannel activity in epidermal pathology. Two mutations in Cx30 (GJB6) linked to hidrotic ectodermal dysplasia, Cx30-G11R and Cx30-A88V, were reported to induce large voltage-activated currents and cause cell death when expressed in Xenopus oocytes. Transfection of HeLa cells with these Cx30 mutants resulted in increased ATP leakage into the extracellular medium, further suggesting enhanced hemichannel activity (12) . Similar observations were made in a study of a mutation in Cx31 (GJB3) associated with erythrokeratodermia variabilis. Expression of the mutant Cx31-R42P in HeLa cells facilitated dye uptake and induced cell death, outcomes that could be blocked by treatment with a connexin channel inhibitor or elevated extracellular calcium (5) . In the present work, we have characterized the functional activity of two Cx26 mutations that cause KID syndrome and found that expression of either mutant, in three different in vitro systems, resulted in significantly increased membrane currents consistent with active hemichannels. Comparison of our results with published data from previous studies documents that aberrant hemichannel activity is a shared feature among KID-associated Cx26 mutations, as eight of the nine mutants characterized thus far have shown increased hemichannel function (Table 1) . Taken together, it is clear that increased hemichannel activity is a common feature of connexin mutations associated with KID syndrome and other epidermal disorders. While the precise mechanism(s) whereby this hemichannel activity disrupts epidermal homeostasis is unknown, the identification of a possible role for it in pathogenesis opens a new avenue for development of potential treatments for these disorders.
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